Abstract. Histone deacetylases (HDACs) constitute a family of enzymes that play important roles in the epigenetic regulation of gene expression and contribute to the growth, differentiation and apoptosis of cancer cells. However, the biological function of HDAC5 in glioma cells has not been fully understood. In the present study, we found that the mRNA and protein levels of HDAC5 are increased in human glioma tissues and cell lines. In addition, overexpression of HDAC5 promoted proliferation of glioma cells, as measured by the MTT assay. By contrast, HDAC5 gene silencing using small interfering RNA (siRNA) inhibited cell proliferation. Furthermore, we demonstrated that HDAC5 enhances Notch 1 expression at both the mRNA and the protein level in glioma cell lines. Taken together, these results demonstrated, for the first time to the best of our knowledge, that HDAC5 promotes glioma cell proliferation, and suggest that this effect involves the upregulation of Notch 1. Therefore, our study may provide a novel therapeutic target for treatment of gliomas.
Introduction
Gliomas are the most common primary tumor type of the central nervous system and have a poor prognosis (1) . In a meta-analysis of 12 randomized clinical trials, the overall 1-year survival rate of high-grade gliomas, such as glioblastomas and anaplastic astrocytomas, was 40%, and only slightly higher (46%) following combined radiotherapy and chemotherapy (2) . Current clinical treatment of glioma includes radiotherapy, chemotherapy and surgical operation (3) . However, an increasing number of studies have shown that the resistance of glioma cells to conventional drugs is becoming a challenging issue. Therefore, it is urgent to develop new and effective therapeutic methods for the treatment of gliomas (4) .
The histone deacetylase (HDAC) family contains a total of 18 proteins, grouped into classes I-IV based on their homology and structure. Classes I, II and IV contain 11 family members, which are called classical HDACs, whereas the 7 members of the class III are referred to as sirtuins (5, 6) . HDAC5 belongs to the class II, and has been shown to constitute an important regulator of cell proliferation, cell-cycle progression and apoptosis (7, 8) . Additional members of the HDAC family were demonstrated to play critical roles in tumor initiation, proliferation and metastasis, such as SIRT6 (9) . A number of HDAC inhibitors possess the ability to promote apoptosis and inhibit proliferation in tumor cells and animal models (10) . In addition, a clinical study previously highlighted the potential of HDAC inhibitors to be used as anticancer agents (11) . However, the biological function of HDAC5 in human glioma has never been investigated to date. Therefore, in the present study, we examined the expression of HDAC5 in human glioma samples and further investigated its biological function.
Materials and methods
Tissue samples and ethics. Glioma and distant healthy tissues were collected from therapeutic surgery at the Department of Neurosurgery, the Fourth Affiliated Hospital of Guangxi Medical University (Guangxi, China). All samples were obtained with informed consent from the participants, and this study was approved by the Institutional Review Board of the Fourth Affiliated Hospital of Guangxi Medical University.
Cell culture. The human glioma cell lines U87 and LN-229 were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, streptomycin (100 mg/ml) and penicillin (100 U/ml). Cultured cells were maintained at 37˚C and 5% CO 2 in a humid environment, and were passaged when the confluency had reached 80%. Plasmid construction, small interfering RNA (siRNA) and transfection. The complementary DNA (cDNA) fragment encoding HDAC5 was obtained by reverse transcription (RT) performed on total RNA extracted from the glioma cell line U87, using the Takara RNA PCR kit reagents (Takara Bio Inc., Tokyo, Japan). RNA extraction was performed using the TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) following the manufacturer's instructions. The cDNA was then amplified by polymerase chain reaction (PCR) using the following primers: forward, 5'-GGA ATT CAT GAA GTT GGA GGT GTT CGT C-3', and reverse, 5'-CCT CGA GCG CTA CTC AGG CTA GGA GCG TCT CCA C-3' . The PCR product was cloned into the mammalian expression vector pcDNA3.1 (+)-flag (Invitrogen Life Technologies). Two independent oligos targeting HDAC5 (siRNA-HDAC5), siRNA Notch 1 and scrambled control siRNA were purchased from Invitrogen Life Technologies. Cells were transfected with lipofectamine 2000 (Invitrogen Life Technologies) according to the manufacturer's instructions.
Quantitative (q)PCR.
In order to quantify the transcripts of the genes of interest, qPCR was performed using the SYBR ® Premix Ex Taq™ kit (Takara Bio Inc.) on an Applied Biosystems ® ABI 7500 system (Thermo Fisher Scientific). The cycling parameters were as follows: an initial stage of 95˚C for 30 sec, followed by a two step program of 95˚C for 5 sec and 60˚C for 31 sec over 40 cycles, performed in triplicate. The qPCR data were analyzed using the 2 -∆∆Ct method (12) .
MTT assay. Proliferation of cells was determined using an MTT assay (Sigma, St. Louis, MO, USA). Briefly, the glioma cells transfected with indicated oligonucleotides were seeded into 96-well plates at a density of 3x10 4 (cells/well). Subsequently, 10 ml of 5 mg/ml MTT was added and incubated in the dark at 37˚C for 2 h. The absorbance was determined at a wavelength of 490 nm using a BioRad microplate reader (FluoDia T70; Photon Technology International, Inc., Lawrenceville, NJ, USA).
Western blotting. Cells were harvested by trypsinization and lysed in buffer (Beyotime Institute of Biotechnology, Shanghai, China). The proteins were then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane (Millipore, Billerica, MA, USA). The membranes were blocked in phosphate-buffered saline (PBS)/0.1% Tween-20 with 5% nonfat dry milk and then incubated with primary antibodies in PBS/0.1% Tween-20 with 0.1-5% nonfat dry milk. Antibodies directed against HDAC5 (rabbit polyclonal, dilution 1:2,000), Notch 1 (rabbit polyclonal, dilution 1:2,000) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; mouse monoclonal, dilution 1:5,000) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) with GAPDH used as a loading control.
Statistical analysis. All data were expressed as mean ± standard error of the mean, and were analyzed using the SPSS software (IBM, Armonk, NY, USA). P-values (P) for the comparisons between groups were determined by analysis of variance 
Results

HDAC5 expression is increased in human glioma tissues and cells.
We first analyzed the expression of the HDAC5 gene in 20 paired glioma and adjacent non-tumor healthy tissues by RT-qPCR. Results showed that the mRNA level of HDAC5 is significantly increased in human cancer compared to healthy tissues (Fig. 1A) . Then, western blotting was used to determine the protein expression of HDAC5. We found that the protein level of HDAC5 is also increased in glioma samples (Fig. 1B) . Furthermore, two glioma cell lines were analyzed by RT-qPCR and western blotting. As shown in Fig. 1C and D, higher expression of HDAC5, at both the mRNA and the protein level, was observed in the two lines compared to healthy human astrocytes, suggesting that HDAC5 expression is upregulated in glioma tissues and cell lines.
HDAC5 overexpression promotes proliferation of glioma cells.
To further investigate the biological role of HDAC5 in human glioma, U87 cells were transfected with a plasmid containing the HDAC5 gene, which allowed its overexpression ( Fig. 2A) .
Results of the MTT assay further showed that HDAC5 overexpression promotes glioma cell proliferation (Fig. 2B) . In addition, U87 cells were transfected with siRNA targeting HDAC5. Efficient silencing of HDAC5 was achieved with two independent siRNA oligos compared to scramble siRNA-transfected U87 cells (Fig. 3A and B) . Silencing of HDAC5 in these cells inhibited cell proliferation (Fig. 3C) . Similar results were also observed in LN-229 cells (data not shown). Taken together, our results demonstrated that HDAC5 promotes the proliferation of glioma cells.
HDAC5 promotes glioma cell proliferation via Notch 1 upregulation. Next, we investigated the molecular mechanism underlying the effect of HDAC5 on cell proliferation. The results demonstrated that the Notch 1 mRNA level was significantly increased in the cells overexpressing HDAC5 (Fig. 4A ).
An increase in the Notch 1 protein level was also observed by western blotting (Fig. 4B and C) . Consistent with these results, silencing of the HDAC5 gene markedly reduced Notch 1 expression at the mRNA (Fig. 4D ) and the protein level ( Fig. 4E and F) . These results indicated that HDAC5 may act as an upstream regulator of Notch 1. Furthermore, the Notch 1 gene was silenced using siRNA oligos, and the protein levels of Notch 1 were also reduced ( Fig. 5A and B) . The decreased expression of Notch 1 attenuated the effect of HDAC5 on glioma cell proliferation (Fig. 5C ). Taken together, these results indicated that HDAC5 promotes cell proliferation by upregulating Notch 1.
Discussion
It has been reported that certain members of the HDAC family play critical roles in promoting carcinogenesis (9) . However, the biological function of HDAC5 in glioma cells remains poorly understood. In the current study, the biological function of HDAC5 was investigated in glioma tissues and cell lines for the first time, to the best of our knowledge. HDACs remove the acetyl groups from the N-acetylly-sines on a histone and modify the chromatin structure, therefore modulating the expression levels of numerous genes. Their aberrant expression is closely related to tumor initiation and development (13) . In our study, we found that both the mRNA and protein expression of HDAC5 were significantly increased in glioma tissues and cell lines.
The class II HDAC family member HDAC5 has been shown to be an important regulator of cell-cycle progression, proliferation and apoptosis in numerous cancer cell lines and animal models (14) . For example, HDAC5 was shown to translocate from the nucleus to the cytoplasm during myoblast differentiation and suppress the expression of the cell-cycle activator cyclin D3, confirming its involvement in cell differentiation and proliferation (15, 16) . A recent study demonstrated that HDAC5 and HDAC9 are significantly upregulated in high-risk medulloblastoma in comparison to low-risk medulloblastoma samples, and that their expression is associated with poor survival, indicating that HDAC5 and HDAC9 may be valuable markers for risk stratification (17) . Another study reported that HDAC5 upregulates Twist 1, and revealed a so-far unknown link between HDAC5 and osteosarcoma progression (18) .
In our study, overexpression of HDAC5 enhanced glioma cell proliferation. In addition, HDAC5 silencing using siRNA inhibited glioma cell proliferation, indicating that HDAC5 may be a positive regulator of glioma cell proliferation.
The Notch family of proteins plays an important role in cell proliferation, differentiation and apoptosis. The Notch 1 protein shares structural features with other members of this family, such as the presence of an extracellular domain consisting of multiple epidermal growth factor-like repeats and an intracellular domain consisting of multiple, different domain types (19) . A number of studies have shown that Notch 1 is overexpressed in cancer cell lines, including gliomas (20) . Downregulation of Notch 1 and its ligands by RNA interference induces apoptosis and inhibits proliferation in multiple glioma cell lines. Therefore, Notch 1 has been proposed to constitute a promising therapeutic target in the treatment of glioma (21, 22) . Our study found that HDAC5 significantly increases the expression of Notch 1. Furthermore, Notch 1 silencing attenuated the proliferative effect of HDAC5 on glioma cells.
In conclusion, our study demonstrated that HDAC5 promotes the proliferation of glioma cells via upregulation of Notch 1 and may provide novel therapeutic targets in the treatment of gliomas.
